The crystal structure of Pterocarpus angolensis seed lectin is presented in complex with a series of high mannose oligosaccharides ranging from Man-5 to Man-9.
Introduction
For already a long time, plants are known to express lectins in relatively large amounts in their storage organs (seeds, rhizomes) and in lower concentrations in their vegetative parts. The seeds from legume plants have traditionally been excellent sources for lectins of a variety of specificities. For several decades, the legume lectin family has served as the model system of choice for the study of protein-carbohydrate recognition (Sharon and Lis, 1990; Loris et al., 1998) . Many "principles" have been discovered first for legume lectin family members and were later confirmed for other families of carbohydrate-recognizing proteins (Loris, 2002) . The legume lectin family covers the widest possible range of carbohydrate specificities among all known lectin families. Variations of the lengths, sequences and conformations of five loops that constitute the carbohydrate binding site determine mono-and oligosaccharide specificity in a complex way (Loris et al.,1998; Sharma and Surolia, 1997) . Avidity and higher order specificity are generated via a variety of quaternary structures leading to the formation of homogeneous cross-linked lattices (Bhattacharyya et al., 1988; Sacchettini et al., 2001) . The past decade has provided a wealth of structural and thermodynamic data that provide insight on how oligosaccharide specificity, quaternary structure and metal binding co-operate to generate a variety of biological effects.
Despite the wealth of data obtained from X-ray crystallography, relatively few structures of lectins in complex with large oligosaccharides are available. Only 12 out of the more than 500 structures of lectins and carbohydrate-binding domains currently present in the Protein Data Bank (Berman et al., 2002) have a bound ligand corresponding to at least a pentasaccharide. These can be placed into three groups.
The first one concerns lectins in complex with a fucosylated or non-fucosylated complex-type biantennary oligosaccharide or with the pentasaccharide (GlcNAcβ(1-2)Manα(1-3)[GlcNAcβ(1-2)Manα(1-6)]Man derived thereof. They include the legume lectins Lathyrus ochrus lectin (LOL), concanavalin A (con A) and Pterocarpus angolensis seed lectin (PAL) (Bourne et al., 1994a; Moothoo and Naismith, 1998; Buts et al., 2006) , bovine galectin 1 (Bourne et al., 1994b) and DC-SIGN, a C-type lectin (Feinberg et al., 2001) . The second group concerns sialylated pentasaccharides recognized by cholera toxin (Merritt et al., 1994) and influenza virus hemagglutinin (Ha et al., 2003 , Gamblin et al., 2004 . When looking at the high mannose family of glycans, the only crystal structure of a lectin in complex with a complete Man-9 entity is that of the anti-HIV protein cyanovirin (Botos et al., 2002) .
A number of other structures of complexes with pentasaccharides derived from Man-9 are also available for rat mannose binding protein (Weis et al., 1992 ), cyanovirin-N (Botos et al., 2002 , snowdrop lectin (Wright and Hester, 1996) and artocarpin (Jeyaprakash et al., 2004) .
Detailed thermodynamic data for carbohydrate binding are equally limited to mono-, di-or trisaccharides in most cases (Dam et al., 2002) . Exceptions are the interactions of high mannose oligosaccharides with concanavalin A (Mandal et al., 1994 ), cyanovirin-N (Shenoy et al., 2002 and the human antibody 2G12 (Wang et al., 2004) , of the pentasaccharide (GlcNAcβ(1-2)Manα(1-3)[GlcNAcβ(1-2)Manα(1-6)]Man with PAL, con A and other Diocleinae lectins (Mandal et al., 1994; Dam et al., 1998; Buts et al., 2006) and of bivalent pentasaccharides and sialofetuin with different galectins (Ahmad et al., 2004; Dam et al., 2005) . Only for concanavalin A, PAL and cyanovirin N is at least one corresponding crystal structure available.
The mannose-binding lectin from the seeds of Pterocarpus angolensis (PAL) has previously studied in detail by X-ray crystallography and a variety of biophysical techniques. This resulted in a clear picture as how this lectin recognizes mono-, diand trisaccharides (Loris et al., 2004) as well as complex-type oligosaccharides (Buts et al., 2006) and how its structure, stability and activity respond to demetalization (Garcia-Pino et al., 2006) . Here we report the crystal structures of Pterocarpus angolensis lectin (PAL) in complex with a series of high mannose ligands ranging from Man-5 to Man-9. Not only is this the first time that the structure of a full-length high mannose ligand is determined in complex with a plant protein, it is only the second complex for any lectin and the first time where the whole range of naturally occurring high mannoses are probed systematically.
Results and discussion

Overall structure
The crystal structures of PAL in complex with 6 high-mannose type glycans were determined at high resolution (Table I) . The crystals contain a dimer of PAL in their asymmetric unit, the two subunits of which will be termed A and B. The overall structure of the PAL dimer has previously been described in detail (Loris et al., 2003 (Loris et al., , 2004 and remains unaltered in the complexes presented in the current paper. These two subunits are chemically identical and show only minor conformational differences that are irrelevant for carbohydrate binding. Nevertheless they present different crystal packing environments to the carbohydrate binding site. carbohydrate binds with the D3 arm (the D1 and D2 arms both lacking a terminal α1-2 linked mannose) despite that more extensive interactions are not possible due to crystal packing limitations.
Interactions between carbohydrate and protein
(1-interacts with the protein via a network of van der Waals contacts and hydrogen bonds that is illustrated in Figures 3 and 4 and Table II The contact surface between Man-9 and PAL is 130 Å 2 (Table III) , significantly lower than the 165Å 2 observed in the complex with the complex type biantennary oligosaccharide NA2F and its pentasaccharide constituent GlcNAcβ(1-2)Manα(1- Buts et al., 2006) . This agrees with the lower affinity for Man-9 (see below). The major differences between these complexes are found in the -1 subsite where Man D3 has a smaller contact area with the protein than the corresponding GlcNAc in the NA2F complex and the absence of interactions between the protein and Man D2 (which is completely disordered in the Man-9 complex while the corresponding GlcNAc in the NA2F complex is well ordered and contributes to binding). A unique and identical binding mode is observed for all high mannose oligosaccharides. This comes as a surprise as one would envisage several of the mannose residues of Man-9 to be able to occupy the monosaccharide binding site.
Alternative binding modes
Based upon the affinities for different mono-, di-and trimannoses (Buts et al., 2006) one would expect a very poor selectivity resulting in sliding of the oligosaccharide over the binding surface of the lectin. In order to look for possible explanations for this apparent "super-selectivity", we applied a modelling approach to identify possible factors hindering alternative binding modes. 
Thermodynamics of oligomannose binding.
In order to confirm the results obtained by crystallography, the solution binding of PAL to Man-5, Man-9 and soybean agglutinin (a homotetrameric protein containing one Man-9 high mannose oligosaccharide chain on each subunit) were measured by ITC. Examples of the experimental data are shown in Figure 6 and results are summarized in Table IV . Of interest is that binding of PAL to Man-9 and SBA is not exclusively enthalpy driven, but also shows a favourable entropy term. This seems to be a key feature for the better carbohydrate ligands of PAL as it was previously also observed for GlcNAc(β1-2)Man (Buts et al., 2006) . In the case of concanavalin A, a favourable entropy contribution to the binding of Manα(1-2)Man was attributed to a sliding mechanism (Brewer et al., 1979; Mandal et al., 1994) , which was later confirmed by X-ray crystallography (Moothoo et al., 1999 
Material and Methods
Sugar and protein
All carbohydrates were obtained from DEXTRA laboratories (Reading, U.K.). The nomenclature used to identify the mannose residues in high mannose oligosaccharides is taken according to Koles et al., 2004 . PAL was purified from mature seeds by affinity chromatography. Extracts from uncoated ground and defatted P. angolensis seeds were fractionated with ammonium sulphate. The 30-60% ammonium sulphate fraction was suspended in 100 mM NaCl + 10 mM phosphate buffer pH 7.4 and then dialyzed extensively against the same buffer. After removal of all remaining insoluble material by centrifugation (30 min. at 24000 g), the resulting solution was applied to a fetuin-sepharose column. After extensive washing to remove all unbound protein, the lectin was eluted using 0.3 M mannose in 100 mM NaCl + 10 mM phosphate buffer pH 7.4. The protein was subsequently extensively dialyzed against 50 mM phosphate pH 7.2 + 150 mM NaCl. Protein concentrations were determined from UV absorption spectroscopy at 280 nm using the specific absorption coefficient ε of 37410 M -1 .cm -1
as calculated according to Gill and von Hippel (Gill and von Hippel, 1989) .
Crystallization and data collection.
Co-crystallization of PAL with the different oligomannoses is not possible due to the amounts of sugar needed. For each sugar, only 20 µg was available (except for Man-9
-1 mg and Man-5 -5 mg), which is sufficient for just one soaking experiment in a 2 µl drop. Therefore, the complexes were prepared starting from crystals of PAL in complex with Manα(1-3)Man, which were obtained as described previously (Loris et al., 2005) .
In order to produce complexes with high mannose oligosaccharides, these crystals were first "desoaked" by transferring them to artificial mother liquor devoid of sugar were processed with DENZO and SCALEPACK (Otwinowski and Minor, 1997) .
Data were integrated with DENZO, merged with SCALEPACK and converted to structure factor amplitudes using the CCP4 program TRUNCATE (CCP4, 1994) . The statistics of the data collections are given in Table I .
Structure determination
The crystal structure of the PAL:Manα(1-3)Man complex, stripped of water molecules, metal ions and carbohydrate ligands, was used as the starting model in refinement with CNS 1.0 (Brünger et al., 1998) . After an initial rigid body refinement, a slow cool stage was used to uncouple R and R free . From then on restrained positional and B-factor refinements were alternated with manual fitting in electron density maps using TURBO (Roussel and Cambillau, 1989 ). The refinement statistics are given in Table I . Superpositions of crystal structures were done using TURBO.
Contact surfaces between carbohydrate and protein were calculated using NACCESS (Hubbard at al., 1993) . All figures were produced using MOLSCRIPT (Kraulis, 1991) and RASTER3D (Merritt and Bacon, 1997) .
Isothermal titration calorimetry
The heat accompanying the binding of PAL to oligosaccharides or SBA was measured using an Omega isothermal titration calorimeter (MicroCal, Northampton, MA) at a temperature of 25°C. Binding of Man-5 was measured by a direct titration with a PAL solution (0.97 mM in 50 mM phosphate pH 7.5, 150 mM NaCl) in the calorimeter cell and an oligosaccharide solution of 14.8 mM in the same buffer being injected from a 250-µl syringe (32 injections of 10 µl at 240 s intervals).
Because of limitations in material availability, binding of Man-9 and SBA was assessed via reverse titrations by placing the oligosaccharide (0.12 mM) or glycoprotein (0.14 mM) ligand in the calorimeter cell and titrating with PAL (3.1 mM or 6.3 mM). After the titration, the mixed solution was retrieved, stored at 4 degrees for 24 hours and centrifuged at 20000g for 15 minutes. The PAL:Man-5 and PAL:Man-9 mixtures remained completely free of precipitation, whereas a large pellet was observed for the PAL:SBA cross-linked complex. 
Modelling calculations
Energy maps are calculated using the TRIPOS force-field (Clark et al., 1989) together with the PIM parameterization (Imberty et al., 1999) developed for carbohydrates as a function of the Φ and Ψ dihedral angles defined as: Φ = O5-C1-O1-Cx' and Ψ = C1-O1-Cx'-C(x+1)' for the β(1-2). For α(1-6) linkages, three dihedral angles Φ = O5-C1-O1-C6', Ψ = C1-O1-C6'-C5' and ω = O1-C6'-C5'-O5' were used. 
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